The mating-type switching endonuclease HO plays a central role in the natural life cycle of 21 Saccharomyces cerevisiae, but its evolutionary origin is unknown. HO is a recent addition to 22 yeast genomes, present in only a few genera. It resembles a degenerated intein fused to a 23 zinc finger domain. Here we show that HO is structurally and phylogenetically related to a 24 family of unorthodox homing genetic elements found in Torulaspora and Lachancea yeasts. 25 These WHO elements integrate into the aldolase gene FBA1, replacing its 3' end each time. 26 Their structural organization is different from all known classes of homing elements. We 27 show that a WHO protein cleaves Torulaspora delbrueckii FBA1 efficiently and in an allele-28 specific manner, leading to DNA repair by gene conversion or NHEJ. The DNA 29 rearrangement steps during WHO element homing are very similar to those during mating-30 type switching, and indicate that HO is a domesticated WHO-like element. 31 64 65
Mating-type switching is an important process in the natural life cycle of many budding yeast 35 species. If an uninhabitable environment improves and becomes habitable, any yeast spores 36 that germinate earlier than others will have a competitive advantage, provided that they have 6 In summary, WHO genes resemble homing endonuclease genes (Gimble, 2000) . Like HO, 179 but unlike any other homing endonucleases, the endonuclease domain is fused to a zinc 180 finger domain. The structure of WHO genes, and their occurrence in clusters that are 181 mixtures of intact genes and pseudogenes, suggests that they are part of a mobile genetic 182 element. A WHO protein cleaves the T. delbrueckii FBA1 gene in an allele-specific manner 186 187 We hypothesized that WHO proteins are homing endonucleases whose target is the FBA1 188 gene. This hypothesis was motivated by two observations. First, WHO genes with very 189 diverse sequences occur in tandem clusters downstream of FBA1, in both Torulaspora and 190 Lachancea, suggestive of repeated integrations of different members of a mobile element 191 family into the same target locus. Second, fragments of FBA1 are present within the WHO 192 gene clusters in both Torulaspora and Lachancea (Fig. 1A; Fig. S1A ). All the FBA1 193 fragments consist of only the 3' end of the gene, and many of them begin at approximately 194 the same position (base 670-680 in the gene sequence), which we hypothesized could 195 indicate a possible endonuclease cleavage site in FBA1. 196 197 To test the hypothesis that WHO proteins target the FBA1 gene, we carried out experiments 198 in S. cerevisiae because few tools exist for genetic manipulation of Torulaspora or 199 Lachancea. We chose WHO6 for these experiments because it is intact, present in only a 200 minority of the T. delbrueckii isolates we examined (3 of 15), and it is located at the end of FBA1 gene, and the other 5 had single-nucleotide insertions or deletions in TdFBA1-S 253 consistent with cleavage and repair by imprecise NHEJ (Fig. 2B) . In contrast, no sequence 254 changes at ade2::TdFBA1 were detected in the 10 independent transformants of pWHO6 255 into the TdFBA1-R strain, nor (as expected) in any of the 20 transformants with pGFP-HA.
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From these experiments we conclude that the T. delbrueckii isolate (L09) that contains the 258 WHO6 gene also contains, 588 bp upstream, an allele of FBA1 (TdFBA1-R) that is resistant 259 to cleavage by the Who6 endonuclease. It can therefore stably maintain this endonuclease 260 gene in its genome. In contrast, an isolate (CBS1146) that has no WHO6 gene contains an 261 FBA1 allele (TdFBA1-S) that is sensitive to cleavage by Who6. The WHO endonuclease cleavage site in FBA1 265 266 Similar to the HO overexpression survivors in Moore and Haber (1996) , our transformants 267 that contained the sensitive TdFBA1-S allele of T. delbrueckii FBA1 and survived 268 overexpression of Who6 have acquired mutations that can be inferred to have damaged the 269 Who6 recognition or cleavage sites, making the cells resistant to Who6. These mutations sequences that span the cleavage site (Nickoloff et al., 1990; Gimble and Thorner, 1993; 279 Taylor et al., 2012) . We therefore infer that the overhang made by Who6 must include some 280 or all of the TTT sequence centered on position 668 (Fig. 2B) . The HO recognition site at the 281 MAT locus is moderately conserved between S. cerevisiae and other budding yeasts, and 282 has at its core the sequence CGCAACA, where the 4-bp overhang is underlined. By analogy, 283 we suggest that the core of the Who6 recognition site in the sensitive TdFBA1-S allele of 284 9 The seven transformants showing evidence of gene conversion (survivors 6-12, including 2 289 from pWHO6-HA transformations and 5 from pWHO6 transformations) each replaced a 290 section of the T. delbrueckii FBA1-S sequence with the corresponding section of the 291 S. cerevisiae FBA1 gene from chromosome XI (Fig. 2B ). The T. delbrueckii and S. cerevisiae 292 genes have 84% nucleotide sequence identity overall. The gene conversion tracts are 293 asymmetrical: they extend rightwards (towards the stop codon of FBA1) from the cleavage 294 site for 106-306 bp, whereas they extend leftwards for only 5-14 bp. This asymmetry 295 suggests that one side of the WHO-induced double-strand break is more active in 296 recombination than the other. Similarly, during mating-type switching in S. cerevisiae, the 297 DNA on one side of the HO-induced break (the Z-side) participates in exchange with 298 HML/HMR, whereas DNA on the Y-side remains inert until it is eventually clipped off (Lee 299 and Haber, 2015).
301
In summary, the pattern of NHEJ events and gene conversions in S. cerevisiae cells that 302 contain TdFBA1-S and survive continuous expression of a WHO protein is very similar to the 303 pattern in cells that contain MAT and survive continuous expression of HO (Moore and 304 Haber, 1996) . We infer that WHO endonucleases cleave FBA1 genes at approximately base 305 668, which is slightly upstream of the 5' ends of many of the FBA1 fragments seen in 306 Torulaspora and Lachancea species. The core of the putative recognition site of a WHO 10 that is resistant to the particular WHO protein encoded by the element (Fig. 4A , left column).
326
During meiosis in a heterozygous diploid cell, the WHO protein encoded by the donor allele 327 cleaves the sensitive full-length FBA1 gene of the recipient allele at position 668. The 328 double-strand break is then repaired by using the WHO-containing chromosome as a 329 template. The 3' region of the cleaved full-length FBA1 gene interacts with the FBA1 330 fragment in the template, resulting in incorporation of the WHO gene into the previously 331 empty allele. After homing, the recipient chromosome contains a WHO gene located 332 between a resistant full-length FBA1 gene (a chimera of the recipient's previous 5' end and a 333 copy of the donor's 3' end) and a new FBA1 fragment formed from the recipient's previous 3' 334 end. In this model, the FBA1 fragment downstream of the donor's WHO gene is an essential 335 part of the WHO element because it provides a region of homology that acts as a 336 recombination site (Fig. 4A) Although most WHO genes and pseudogenes are located downstream of FBA1 genes (blue 370 branches in Fig. 5 ), a few of them are not. It is striking that these non-FBA1-associated 371 genes fall into a small number of clades (magenta branches in Fig. 5 ). The WHO genes in 372 these clades seem to have lost their target specificity for FBA1 and transposed to other 373 places in the genome, and several of these WHO genes are intact. Most notably, the WHO10 374 family includes five intact genes from T. globosa that are located at five different places in the 375 genomes of the two isolates we sequenced ( Fig. 6 ). There is a WHO10 pseudogene beside 376 FBA1 in one T. globosa isolate and the sister species T. maleeae ( Fig. 1A) , indicating that 377 WHO10 was originally associated with FBA1. Another WHO clade unlinked to FBA1 is 378 WHO8, which is present only in two species of Lachancea (Fig. 5 ).
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We detected only a few WHO sequences in species other than Torulaspora (or gene as its original target, before changing target to FBA1 after the WHO12 family separated 397 from the others. The only intact WHO12 gene occurs in Naumovozyma castellii, where it is 398 located beside GLK1 (galactokinase). We sequenced the genomes of four strains of this species and found two with intact WHO12, and two with frameshifted WHO12 pseudogenes.
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There was no structural polymorphism or high sequence divergence at this locus in 401 N. castellii, and no GLK1 gene fragments, so no evidence of active homing. The other 402 WHO12 sequences are pseudogenes in K. lactis (Fabre et al., 2005) and two Lachancea 403 species (Fig. S1 ), beside a CAO copper amine oxidase gene in all three cases. The K. lactis 404 WHO12 pseudogene lies between full-length CAO and a damaged fragment of CAO. It is 405 therefore possible that WHO12 is an active element targeting CAO, and that CAO pre-dates 406 FBA1 as the target of the whole WHO superfamily, but given the rarity of WHO12 it seems 407 more likely that FBA1 is the ancestral target and WHO12 is a family that lost its specificity for 408 FBA1 more recently, similar to WHO10. 409 410 In summary, the phylogenetic tree indicates that WHO genes have been located beside 411 FBA1 throughout most of their diversification. The WHO genes that are not now located 412 beside FBA1 are descended from FBA1-linked ancestors. The patchy taxonomic distribution 413 of WHO genes suggests that they are native to the genus Torulaspora and/or Lachancea 414 and have probably been transmitted between these genera. The split between the zinc 415 finger-containing proteins HO and WHO pre-dates the diversification of the WHO families. The WHO10 family has become amplified in T. globosa. In the two strains that we 422 sequenced, strain-specific insertions of intact WHO10 genes are present at five loci not 423 linked to FBA1 (Fig. 6 ). The five Who10 proteins have only 72-80% amino acid sequence 424 identity to one another. The T. globosa WHO10 genes are located within regions of inserted 425 DNA 2.8-6.6 kb long. In two cases, the inserted DNA includes a duplicated fragment of the 3' 426 end of a host gene (BXI1 and E1850) at one end, so that the host gene was not disrupted 427 ( Fig. 6A,B ). These duplications resemble the FBA1 fragments seen downstream of FBA1 in 428 many species (Fig. 1A ). In the other three cases, the WHO10-containing insertion interrupts 429 a host gene without forming a duplication, probably inactivating it ( Fig. 6C ,D,E). The genomic evidence indicates that most WHO genes function as part of a homing genetic 440 element that targets the FBA1 locus ( Fig. 4 ). However, in T. globosa the WHO10 family has 441 lost its specificity for FBA1 and become a more general mobile element rather than a homing 442 element, resulting in the proliferation of intact WHO10 genes to multiple other sites in the 443 genome. How the WHO10 genes become integrated into the non-FBA1 sites in T. globosa is 444 not clear, because there are no homologous flanking sequences to guide integration of 445 WHO10 into a double-strand break. as an internal part of the host gene, that must be removed to make the mature host protein.
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In contrast, WHO genes are transcribed independently of FBA1 (some of them are in the 469 opposite orientation to FBA1; Fig. 1A) , and FBA1 will remain functional even if the WHO 470 gene becomes a pseudogene. WHO elements therefore constitute a third structural class of 471 homing element, and the only one with a propensity to form clusters. 14 The reason why WHO elements chose FBA1 as their host gene is probably because 474 aldolase is absolutely required for spore formation, due to its role in gluconeogenesis 475 (Dickinson and Williams, 1986) . Meiosis and sporulation require cells to be grown on a non-476 fermentable carbon source such as acetate, and in these conditions gluconeogenesis is 477 necessary to make the glucose monomers used for synthesis of the polysaccharide layers of 478 the spore wall, a late stage in the meiosis-sporulation pathway (Neiman, 2005) . S. cerevisiae 479 fba1 mutants cannot make spores (Lobo, 1984; Dickinson and Williams, 1986 ) but they 480 should not be blocked in meiosis, which is when WHO element homing is expected to occur. 481 It is unlikely that the FBA1 genes in either the donor or recipient chromosome can be 482 transcribed at the same time as DNA cleavage and recombination is occurring during 483 homing. By temporarily inactivating FBA1, the WHO element may be able to delay the cell 484 from progressing from meiosis into sporulation until homing has finished. Homing is likely to 485 be a slow process, because mating-type switching takes more than an hour (Lee and Haber, Our results finally illuminate the origin of HO endonuclease. Based on the fact that WHO and 499 HO share features that are otherwise unique -the presence of a zinc finger domain and the 500 absence of exteins -we propose the following evolutionary model (Fig. 7) . (1) An intein from 501 a bacterial source invaded the VMA1 gene of an early budding yeast species to become 502 VDE.
(2) VDE subsequently duplicated and mis-homed into a zinc finger protein gene, close 503 to the 5' end, to make a fusion gene that was the common ancestor of WHO and HO. The Other genome sequences used in this study were taken from the NCBI database. The 
780
We analyzed genome data from 15 T. delbrueckii strains as listed above, including 10 newly sequenced for this study. These 15 781 strains have 6 different gene organizations of their FBA1 regions as shown in Fig. 1, and 
